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Cytosine methylation is important for transpo-
son silencing and epigenetic regulation of en-
dogenous genes, although the extent to which
this DNA modification functions to regulate
the genome is still unknown. Here we report
the first comprehensive DNA methylation map
of an entire genome, at 35 base pair resolution,
using the flowering plant Arabidopsis thaliana
as a model. We find that pericentromeric het-
erochromatin, repetitive sequences, and re-
gions producing small interfering RNAs are
heavily methylated. Unexpectedly, over one-
third of expressed genes contain methylation
within transcribed regions, whereas only 5%
of genes show methylation within promoter
regions. Interestingly, genesmethylated in tran-
scribed regions are highly expressed and
constitutively active, whereas promoter-meth-
ylated genes show a greater degree of tissue-
specific expression. Whole-genome tiling-array
transcriptional profiling of DNA methyltransfer-
ase null mutants identified hundreds of genes
and intergenic noncoding RNAs with altered
expression levels, many of whichmay be epige-
netically controlled by DNA methylation.
INTRODUCTION
Cytosine DNA methylation is a conserved epigenetic si-
lencing mechanism involved in many important biological
processes, including defense against transposon prolifer-Ceation, control of genomic imprinting, and regulation of
gene expression (Bird, 2002; Goll and Bestor, 2005). In
mammals, the de novo methyltransferases DNMT3a/
b and the maintenance methyltransferase DNMT1 are re-
sponsible for DNA methylation, which occurs primarily at
CG dinucleotides (Goll and Bestor, 2005). In plants, the
DNMT1 homolog MET1 maintains CG methylation, while
the DNMT3a/b homologs DRM1/2 and the plant-specific
methyltransferase CMT3 are responsible for methylation
at non-CG sites (Chan et al., 2005).
DNAmethylation is critically important for normal devel-
opment in both animals and plants; null mutations in
mouse DNMT1 or DNMT3a/b result in embryonic lethality,
and bothmet1 and drm1 drm2 cmt3 triple mutants exhibit
developmental abnormalities in Arabidopsis (Chan et al.,
2005, 2006; Goll and Bestor, 2005). An unbiased ge-
nome-wide identification and functional analysis of sites
of DNA methylation should greatly broaden our under-
standing of how DNA methylation and gene expression
are correlated on a global scale. However, although the
detection of DNAmethylation at individual loci (e.g., by bi-
sulfite sequencing) is relatively straightforward, doing so in
a high-throughput manner to explore the methylated frac-
tion of a complete eukaryotic genome remains technically
challenging.
A number of strategies for high-throughput detection of
DNA methylation have been recently described and have
led to important discoveries. They can be broadly divided
into two types: sequencing-based and microarray-based.
Sequencing-based analyses have included the direct se-
quencing of methylated DNA fragments isolated by affinity
purification (hundreds of clones) (Selker et al., 2003), PCR
amplification products from bisulfite-treated DNA (hun-
dreds of sequences) (Rakyan et al., 2004), and genomic
DNA fractionated by methylation-sensitive restriction-
enzyme digestion (thousands of clones) (Rollins et al.,ll 126, 1189–1201, September 22, 2006 ª2006 Elsevier Inc. 1189
2006). Recent advances in sequencing technology have
made it possible to assay over 1,000 preselected CG sites
in hundreds of genes (Bibikova et al., 2006). However, the
cost and labor required make it difficult for sequencing-
based methods to achieve whole-genome coverage. On
the other hand, microarray-based approaches rely on
the separation of methylated and unmethylated DNA by
methods such as the differential digestion by methyla-
tion-sensitive restriction enzymes (Ching et al., 2005;
Hatada et al., 2006; Lippman et al., 2004; Tran et al.,
2005a, 2005b). As just one example, digestion by the en-
zyme McrBC (which cuts near methylcytosines) followed
by hybridization to a PCR amplicon tiling array was per-
formed to detect DNA methylation at 1 kb resolution in
the repeat-rich heterochromatic knob region of Arabidop-
sis (1.5 Mb, or 1.2% of the genome) (Lippman et al.,
2004). However, these methods are limited by either se-
quence context (i.e., specific restriction-enzyme recogni-
tion sites) or the imprecise cutting of McrBC relative to the
location of methylcytosine. Alternatively, methylated DNA
can be enriched using immunoprecipitation and hybrid-
ized to microarrays to achieve a more unbiased detection
(Keshet et al., 2006; Weber et al., 2005). In this case, the
resolution and coverage are mostly determined by the mi-
croarray platform. For example, a BAC array has been re-
cently used to determine the DNA methylation profile of
the human genome at 80 kb resolution (Weber et al.,
2005).
Previous methylation studies in Arabidopsis have iden-
tified a number of methylated transposons and indicated
that the transposon-rich heterochromatic regions are
heavily methylated (Hirochika et al., 2000; Lippman
et al., 2004; Miura et al., 2001; Singer et al., 2001; The Ara-
bidopsisGenome Initiative, 2000). Furthermore, amicroar-
ray study utilizing methylation-sensitive restriction en-
zymes identified CG methylation clusters (CG but not
non-CG methylation) found predominantly within genes
(Tran et al., 2005a). A similar approach was used to deter-
mine restriction sites that are differentially methylated in
several Arabidopsis DNA methylation mutants (Tran
et al., 2005b). However, the comprehensive identification
of methylated regions in Arabidopsis has not been per-
formed, and the extent and distribution of DNA methyla-
tion is unknown. Furthermore, despite the importance of
DNA methylation in regulating gene expression, very few
endogenous genes have been identified as being directly
controlled by DNA methylation (Chan et al., 2005).
Here we describe the first genome-wide analysis of
DNA methylation in the reference plant Arabidopsis thali-
ana. Using two biochemical methods in combination
with whole-genome tiling microarrays, we mapped the
methylated component of the Arabidopsis genome in
wild-type as well as in themet1 and drm1 drm2 cmt3 triple
mutant plants at 35 bp resolution. In addition, RNA ex-
pression profiles of wild-type and mutant plants were de-
termined on both strands of the genome using the same
tiling-microarray platform. We found that genes methyl-
ated in their promoters tended to be expressed in a tis-1190 Cell 126, 1189–1201, September 22, 2006 ª2006 Elseviesue-specific manner, whereas genes methylated in their
coding regions were constitutively expressed at higher
levels. Analysis of the changes in DNA methylation and
gene expression in themethyltransferasemutants allowed
the genome-wide identification of hundreds of genes as
well as many novel intergenic noncoding RNAs that ap-
pear to be regulated by DNA methylation. These results
represent the first genome-wide high-resolution mapping
of DNAmethylation and the first systematic analysis of the
role of DNA methylation in regulating gene expression for
any organism.
RESULTS AND DISCUSSION
Identification of Genomic Regions Containing
DNA Methylation
Methylated and unmethylated DNA was fractionated
by methylcytosine immunoprecipitation (mCIP) using
a monoclonal antibody that specifically recognizes meth-
ylcytosine (Keshet et al., 2006). The optimal antibody-to-
DNA ratio was determined by applying varying amounts
of antibody and assaying the amount of methylated DNA
recovered in the elution fraction by real-time PCR. We
found that 20 mg of antibody yielded maximal recovery
of methylated DNA from 2 mg of input genomic DNA; all
mCIP experiments described here were performed with
this ratio. Under these conditions, effective recovery of
methylated DNA was achieved for the FWA promoter re-
gion that contains extensive CG methylation (Figure 1A)
(Soppe et al., 2000). Unlike vertebrate genomes, plants
contain substantial amounts of non-CG DNA methylation.
Importantly, the elution fraction was also enriched for the
small transposon AtSN1 (primarily methylated at non-CG
sites), as well as for a region free of CG dinucleotides in
Ta3 with exclusively non-CG methylation (Figure 1A).
DNA from the unbound and elution fractions (depleted
and enriched for methylated DNA, respectively) was am-
plified and hybridized to whole-genome tiling microarrays.
We utilized a single-chip tiling microarray that covers
97% of one strand of the120Mb Arabidopsis genomic
sequence, with each of the 3.2 million 25 nt oligonucleo-
tide probes spaced within a 35 bp window (see the Sup-
plemental Data available with this article online).
Three independent statistical methods were used to
identify sites of DNA methylation from oligonucleotide
probe hybridization intensities: a two-state hiddenMarkov
model (HMM) based on probe-level t statistics (Ji and
Wong, 2005), a Wilcoxon signed-rank test (Hollander and
Wolfe, 1999), and a nonparametric Kolmogorov-Smirnov
test developed in this study (see Supplemental Data). De-
spite utilizing different statistical approaches, all three
methods yielded similar results (Figure S1). The HMM
method was used for all subsequent analyses, as it pro-
vided an easily interpretable bimodal distribution of poste-
rior probability values and more defined boundaries be-
tween methylated and unmethylated regions (Figure S2).
To test the sensitivity of the mCIP-chip method, we
used an independent biochemical approach to separater Inc.
Figure 1. Biochemical Methods to Fractionate Methylated and Unmethylated DNA and Comparison of Results
(A) The mCIP method. The relative amount of the unmethylated ACTIN-7 and the methylated FWA, AtSN1, and Ta3 in the unbound, wash, and bound
fractions as percentages of input was assayed by real-time PCR. Three biological replicates are shown.
(B) The MBDmethod. y axis = fold enrichment (upper half) or depletion (lower half) of FWA compared to ACTIN-7 in wild-type and in themet1mutant
that lacks CG methylation.
(C) Overlap of methylated regions detected by the mCIP (gray circle) and MBD methods (ellipse).
(D) Methylation and RNA expression patterns of a typical euchromatic region (bp 439,000–468,500; left), a repeat-rich region from pericentromeric
heterochromatin (bp 4,827,000–4,849,500; middle), and the FWA gene (bp 13,038,000–13,043,000; right) on chromosome 4. White arrows indicate
the detection of two methylated CG sites near the 30 end of FWA. A schematic representation of chromosome 4 is shown on top (open circle = cen-
tromere, dark gray bars = pericentromeric heterochromatin and the heterochromatic knob, light gray bar = euchromatin). ddc = drm1 drm2 cmt3 triple
mutant.methylated and unmethylated DNA. DNA methylated at
CG dinucleotides was affinity purified using the methylcy-
tosine binding domain (MBD) from the human protein
MeCP2 (Cross et al., 1994) and hybridized to the same til-
ing array used for mCIP-chip (Figure 1B). The mCIP-chip
method identified 95% of all regions detected by theCelMBD-chip method and 20% more genomic regions
(Figure 1C). This difference likely reflects the fact that
MBD binding requires a relatively high density of methyl-
cytosine in CG dinucleotides (Figure S3) as well as the
fact that only a subset of fractions eluted from the MBD
column were hybridized to microarrays.l 126, 1189–1201, September 22, 2006 ª2006 Elsevier Inc. 1191
Using the mCIP-chip data, we constructed and anno-
tated a set of methylation maps for each of the five chro-
mosomes. Methylated genomic regions identified with
this method were highly consistent with previous studies
that have characterized individual methylated genes
(Figure S4). Figure 1D shows results from three represen-
tative regions on chromosome 4, including a euchromatic
region, a repeat-rich pericentromeric heterochromatic re-
gion, and the euchromatic methylated gene FWA (Chan
et al., 2005).Weperformed targeted validation of a number
of regions identified by mCIP-chip using genomic bisulfite
sequencing (Jacobsen et al., 2000). All mCIP-chip-posi-
tive regions were confirmed to contain methylcytosines
(in CG, CNG, or CNN contexts) (Figure S5). Regions previ-
ously known to be devoid of DNA methylation were also
categorized as unmethylated by the mCIP-chip method
(Figure S6). In addition, inclusion of the unmethylated
chloroplast genome (Ngernprasirtsiri et al., 1988) on the
microarray provided a large set of true negative probes
to systematically estimate the level of false discovery for
the mCIP-chip method and analysis processes. Within
the 154,478 bp chloroplast genome, only two regions rep-
resenting a mere 630 bp (0.4%) were detected as methyl-
ated. Thus, the mCIP-chip method and the analysis pro-
cedure yielded a low false-positive rate.
In the analyses of genome-wide DNA methylation pat-
terns presented in this study, a ‘‘methylated region’’ was
defined by combining adjacent probes with posterior
probabilities over 0.5, allowing a maximal gap of 200 bp,
and requiring a minimal run of 50 bp (see Supplemental
Data). We purposely chose this relatively stringent cutoff
to reduce falsely identified regions. Therefore, regions
where methylated cytosines are very sparsely distributed
may yield scores that are above background noise but do
not meet this stringent threshold. As one example, we dis-
covered that the last exon of the FWA gene contains two
methylated CG sites, which was detected as a peak with
a posterior probability of 0.2 (Figure 1D). Thus, the anal-
ysis described below is likely a conservative estimate of
the amount of genomic methylation. However, the full dy-
namic range of methylation patterning can be visualized in
genome browsers (publicly available as described below)
for any particular genomic region.
DNA Methylation Landscape of the Arabidopsis
Genome
Wedetected 26,852 regions with a significant level of DNA
methylation, covering 22,554,840 bp and representing
18.9% of the entire sequenced nuclear genome (The
Arabidopsis Genome Initiative, 2000). The chromosomal
distribution of methylated DNA is shown in Figure 2A as
the total length of methylated regions per 100 kb. As
expected, we found extensive DNAmethylation in the het-
erochromatic regions of each of the five chromosomes,
including centromeres, pericentromeres, and the hetero-
chromatic knob on chromosome 4 (Figure 2A) (Hirochika
et al., 2000; Lippman et al., 2004;Miura et al., 2001; Singer
et al., 2001; The Arabidopsis Genome Initiative, 2000).1192 Cell 126, 1189–1201, September 22, 2006 ª2006 ElseviThis distribution largely reflects the dense methylation of
transposons and other repetitive sequences that are clus-
tered in heterochromatin (Figures 2A and 2B).
A considerable amount of DNA methylation was also
found in euchromatic regions, including nonrepetitive in-
tergenic regions (8% of total length) and genes. To per-
form a more detailed analysis of the level of DNA methyl-
ation in Arabidopsis protein-coding genes, we first
classified the 30,334 annotated genes into four cate-
gories: 14,948 ‘‘known expressed’’ genes (genes with ev-
idence of RNA expression and protein sequences with
known or predicted function), 10,475 ‘‘unknown ex-
pressed’’ genes (expressed genes with sequences show-
ing no homology to proteins of known or predicted func-
tion), 1,116 ‘‘nonexpressed genes’’ (computationally
predicted genes with no experimental evidence for ex-
pression), and 3,811 ‘‘pseudogenes’’ (annotated as pseu-
dogenes and very often containing homology to coding
sequences of transposons). While numerous methylated
genes were found in all four categories, the pseudogenes
and nonexpressed genes showed a much higher level of
methylation than known or unknown expressed genes
(Figure 2C), which likely reflects an enrichment for trans-
posons and other repeats within these two classes.
A High Level of DNA Methylation in Arabidopsis
Genes
Mammalian genes frequently contain small transposons
and repetitive DNA within their transcribed regions and
are commonly DNA methylated. Although the transcribed
regions of Arabidopsis genes are almost always transpo-
son-free, we found an unexpectedly high level of DNA
methylation in expressed genes (Figure 2C). Of the
25,423 expressed genes (excluding pseudogenes or non-
expressed genes), 15,627 (61.5%) were entirely unme-
thylated (‘‘unmethylated’’), 1,331 (5.2%) were methyl-
ated within their promoters (defined as the 200 bp region
upstreamof the transcription start site; ‘‘promoter-methyl-
ated’’). Interestingly, a surprisingly large number of genes
(8,465, 33.3%) were methylated within transcribed re-
gions but not within their promoter regions (‘‘body-methyl-
ated’’). Refined mapping of the position of DNA methyla-
tion within genes revealed a biased distribution toward
the 30 half, whereas promoters and the immediate 30 flank-
ing sequences of genes were hypomethylated (Figure 3A;
see Figure S9 for similar results from an alternative map-
ping method) (Tran et al., 2005a). This bias against pro-
moter and 30-end methylation was not found in pseudo-
genes and nonexpressed genes (Figure 3B), which
suggests that methylation at the 50 and 30 ends of ex-
pressed genes might be selected against, as methylation
may interfere with important activities such as transcrip-
tional initiation and termination.
DNA Methylation and Small RNAs
Small interfering RNAs (siRNAs) are known to cause RNA-
directed DNA methylation (RdDM) (Chan et al., 2004,
2005; Dalmay et al., 2000; Mette et al., 2000). We carrieder Inc.
Figure 2. DNA Methylation Landscape in the Arabidopsis Genome
(A) Chromosomal distribution of cytosine-methylated DNA. Top panels show the total length of repeats (y axis, left-side scale) and number of genes
(y axis, right-side scale) in a sliding 100 kb window. Bottom panels show the total length of methylated DNA in wild-type and in the met1 mutant in
100 kb windows. Arrows indicate the heterochromatic knob on chromosome 4.
(B) Percentage of interspersed, tandem, and inverted repeats that are methylated (green).
(C)Methylation within promoters (200 bp upstream of the start of transcription) and transcribed regions of annotated genes of different categories (see
text for definition). y axis = length of methylated sequences as a percentage of the total length of DNA in each category.
(D) Methylation of siRNA clusters (defined in Lu et al., 2005).out global comparisons between methylated genomic re-
gions and a large collection of Arabidopsis small RNA se-
quences determined by massively parallel signature se-
quencing (MPSS) (Lu et al., 2005). The majority of siRNA
clusters (i.e., endogenous loci corresponding to high local
concentrations of siRNAs) were heavily DNA methylated
(Figure 2D). However, 63% of methylated regions were
not associatedwith siRNAclusters, suggesting that a large
amount of DNA methylation is maintained without persis-
tent targeting by siRNAs (Figure S7).
Interestingly, in the transcribed regionsof genes, amuch
lower than average fraction ofmethylation was found to be
associated with siRNAs (9%, compared to the genome
average of37%) (Figure 3C), suggesting that themainte-
nance of genic methylation is largely independent of tar-
geting by siRNAs. This is consistent with the results from
validation experiments that revealed thatmany of these re-
gions contain MET1-dependent CG DNA methylation but
not siRNA-targeted non-CG methylation (Figure S5) and
also with the previous finding of CG methylation within
many Arabidopsis genes (Tran et al., 2005a).CellPrevious evidence suggested that microRNAs might
recruit DNA methylation enzymes to their target genes
(Bao et al., 2004). However, we found that annealing
sites in microRNA target genes were methylated at a level
slightly below the genome average (22 of 136, 16.2%)
(see Figure S4 for PHB as an example). In addition, we
found that only one (MIR416a) of the 103 microRNA pre-
cursor genes was methylated. For trans-acting siRNAs
(tasiRNAs) (Allen et al., 2005; Peragine et al., 2004; Vaz-
quez et al., 2004), we found that 2 of the 5 tasiRNA-gen-
erating loci (TAS1b and TAS3) and 7 of 9 tasiRNA target
sites contained methylation. However, bisulfite sequenc-
ing of the methylated tasiRNA target sites in ARF3 re-
vealed CG methylation but an absence of non-CG meth-
ylation, which is a hallmark of RNA-directed DNA
methylation (Figure S8) (Chan et al., 2005). Furthermore,
DNA methylation persisted in the dcl2 dcl3 dcl4 triple
mutant that lacks detectable tasiRNAs (Henderson
et al., 2006). Overall, these results do not support a gen-
eral role for miRNAs or tasiRNAs in the active targeting of
DNA methylation.126, 1189–1201, September 22, 2006 ª2006 Elsevier Inc. 1193
Figure 3. DNA Methylation of Arabidopsis Genes
(A) Distribution of DNA methylation within known genes and expressed genes with unknown functions. One kilobase regions upstream and down-
stream of each gene were divided into 50 bp intervals, each gene was divided into 20 intervals (5% each interval), and the percentage of genes
with methylation in each interval was graphed. A schematic representation of a gene is shown as a thick horizontal bar (scaled to 2.5 kb, the average
length of Arabidopsis genes).
(B) Distribution of DNA methylation within pseudogenes and nonexpressed genes.
(C) siRNA-independent methylation in different regions of genes. ‘‘Promoter, distal’’ and ‘‘promoter, proximal’’ refer to 200 bp–1 kb and 0–200 bp
upstream of the transcription initiation site, respectively. The known and unknown expressed gene categories are included in this analysis.
(D) Expression levels of promoter-methylated, body-methylated, and unmethylated genes compared to all genes. x axis = expression level (log2 scale)
averaged over 79 tissues and conditions (Schmid et al., 2005); vertical bars indicate the bins used. y axis = fraction of genes with given intensity level.
(E) Tissue specificity of promoter-methylated, body-methylated, and unmethylated genes measured by entropy level (Schug et al., 2005). Low en-
tropy values indicate high tissue specificity. Vertical bars on x axis indicate the bins used. y axis = fraction of genes with the given entropy value.Correlation between Genic DNA Methylation,
Expression Level, and Tissue Specificity
In order to examine the relationship between DNAmethyl-
ation and gene expression patterns, we compared the
sites of DNA methylation with microarray expression
data from 79 different tissues or conditions (Schmid
et al., 2005). This analysis revealed a correlation between
the position of DNA methylation within a gene (i.e., pro-
moter or body), the level of gene expression, and its tissue
specificity. As shown in Figure 3D, the expression level of
body-methylated genes was significantly higher than that
of unmethylated genes, whereas that of promoter-methyl-
ated genes was generally lower. In addition, a distinct
fraction ofpromoter-methylated geneshaveadramatically
higher tissue specificity (p < 1037 by a Kolmogorov-
Smirnov test) (Figure 3E). These results suggest that, in
general, body-methylated genes are constitutively ex-
pressed at a higher level, whereas promoter-methylated
genes tend to be expressed in a tissue-specific manner.1194 Cell 126, 1189–1201, September 22, 2006 ª2006 ElsevieComparison of the location of genic methylation with
gene functional categories showed that the promoter-
methylated group was highly enriched for genes involved
in proteolysis, whereas the body-methylated group was
enriched for catalytic enzymes (Table S1). Transcription
factors were the most enriched category within the group
of unmethylated genes (Table S1).
Alteration of DNA Methylation in the met1 and drm1
drm2 cmt3 Mutants
Using the mCIP-chip method, we analyzed genome-wide
DNA methylation patterns in two DNA methylation-defi-
cient mutant backgrounds (met1 and a drm1 drm2 cmt3
triple mutant) utilizing recently described null T-DNA inser-
tion alleles (Chan et al., 2006). It has been previously
shown by bisulfite genomic sequencing that, at all tested
loci, the drm1 drm2 cmt3 triple mutant eliminates the
vast majority of non-CG methylation but not CG methyla-
tion, whereas the met1 mutant lacks virtually all CGr Inc.
methylation as well as a substantial amount of non-CG
methylation (Cao and Jacobsen, 2002; Tariq et al.,
2003). Genome-wide DNA methylation profiles detected
by mCIP-chip in drm1 drm2 cmt3 were roughly similar to
that of wild-type; 93% of the regions methylated in
wild-type remained methylated in drm1 drm2 cmt3 (see
Figure 1D for examples). This suggests that the majority
of non-CG methylation colocalizes with CG methylation
and is consistent with previous findings that loss of non-
CG methylation often does not disturb the remaining CG
methylation (Cao and Jacobsen, 2002). Interestingly, the
7% of regions that did lose methylation in drm1 drm2
cmt3 showed a lower CG dinucleotide content relative to
the genome average (Figure S3) and thus may represent
regions that rely on non-CG methylation for the overall
maintenance of methylation patterning.
In contrast, 64% of the regions methylated in wild-
type were no longer detected inmet1. The greatest reduc-
tion was found in expressed genes, where over 97%of the
methylationwas eliminated. This is consistent with the fact
that genic methylation often occurs only at CG sites and is
less likely to be associated with siRNAs (Figure 3C and
Figure S5) (Tran et al., 2005a). The residual methylated re-
gions in met1 were highly clustered in heterochromatin,
consisted of mostly repetitive sequences (92%),
showed a much higher level of association with siRNA
clusters, and had a significantly higher CNG content (Fig-
ure S10). It is therefore likely that, in met1, the residual
methylation is maintained by CMT3 at CNG sites as well
as by the siRNA-directed activity of DRM1/2 (Chan
et al., 2005).
Loss of DNA Methylation inmet1 Results in Massive
Transcriptional Reactivation of Pseudogenes
and Transposons
To infer the function of DNAmethylation in regulating gene
expression, we determined the expression profiles of wild-
type as well as themet1 and drm1 drm2 cmt3 DNA meth-
yltransferase mutants using genome-wide tiling-array ex-
pression analyses (Yamada et al., 2003). Expression levels
of sense and antisense transcription were determined
separately by generating strand-specific probes and us-
ing two arrays, one covering the forward strands of the ge-
nome (the same array used for methylation analysis) and
a second similar array covering the reverse genomic
strands. Massive reactivation of previously silenced trans-
posons and pseudogeneswas observed inmet1, resulting
in drastically elevated transcriptional activity at the
centromeric and pericentromeric heterochromatic regions
(Figure 4A) (Lippman et al., 2004; Miura et al., 2001; Singer
et al., 2001). In contrast, relatively few transposons or
pseudogenes were activated in drm1 drm2 cmt3, and
the transcriptional activity remained grossly similar to
that of wild-type at the chromosomal level (Figure S11).
These findings are consistent with our observation that
CG methylation was largely unchanged in the absence
of non-CG methylation and suggest that, in most cases,Cell 12CGmethylation alone is sufficient for the transcriptional si-
lencing of transposons and pseudogenes.
Promoter-Methylated Genes Are Preferentially
Overexpressed in met1
The relative expression level of each gene in met1 com-
pared to wild-type was determined from the hybridization
intensity of probes located within exons and UTRs (35
probes per gene on average; see Supplemental Data for
details). We then compared gene-level changes for pro-
moter-methylated, body-methylated, and unmethylated
genes within each category (Figure 4B). For the known,
unknown, and nonexpressed categories, a significantly
larger fraction of promoter-methylated genes were in-
creased in steady-state RNA levels in met1 compared to
body-methylated or unmethylated genes (p < 0.01 by
a Kolmogorov-Smirnov test). In contrast, expression of
body-methylated genes did not appear to be systemati-
cally increased when compared to unmethylated genes
on a global scale (Figure S12). For pseudogenes, the ex-
pression of both promoter- and body-methylated genes
was significantly increased (p < 105). The preferential in-
crease in expression of promoter-methylated genes in
met1 was more obvious when only the most significantly
upregulated genes were examined (Figure 4C). These
findings suggest that methylation in promoter regions
plays a more profound role in downregulating gene ex-
pression for expressed genes and that both promoter
and body methylation are important for silencing transpo-
sons and pseudogenes. Because of its more subtle ef-
fects on methylation patterning, we did not see bulk
changes in the expression of promoter-methylated genes
in drm1 drm2 cmt3 (Figure S11); however, the expression
of many specific genes was altered (see below).
Antisense Gene Expression in DNA Methylation
Mutants
Previous studies have revealed the presence of antisense
expression corresponding to a large fraction of Arabidop-
sis genes (Yamada et al., 2003). Methylation in the body of
genes has been proposed to suppress antisense tran-
scription from cryptic promoters to ensure normal sense
gene expression (Tran et al., 2005a). Although cases of an-
tisense overexpression were found in met1 (e.g., Fig-
ure 5A), such examples were relatively rare. Furthermore,
we did not observe a systematic increase of antisense
transcription from body-methylated genes in met1, and
the change in antisense transcription in body-methylated
genes was not significantly different from that in unmethy-
lated genes (Figure 5B). Similarly, there was no significant
difference between methylated genic regions or unmethy-
lated control genic regions with respect to changes in the
abundance of antisense transcripts (Figure 5B).
We also investigated whether changes in sense and an-
tisense transcripts in met1 were correlated (e.g., whether
elevated levels of antisense RNA were generally corre-
lated with decreased accumulation of sense RNAs). As
shown in Figure 5C and Figure S13, changes in sense6, 1189–1201, September 22, 2006 ª2006 Elsevier Inc. 1195
1196 Cell 126, 1189–1201, September 22, 2006 ª2006 Elsevand antisense expression were found to be largely inde-
pendent for both body-methylated and unmethylated
known genes. Taken together, these results are consistent
with several recent studies of antisense transcription (Fa-
ghihi and Wahlestedt, 2006; Lu et al., 2005; Wang et al.,
2005) and do not support a general role for DNA methyla-
tion within genes in suppressing antisense transcription or
for antisense transcription generally interfering with sense
transcription.
Profile of Genes Affected by DNA Methylation
Comparison of the genes that were most significantly in-
creased in expression inmet1 and drm1 drm2 cmt3 (listed
in Tables S2 and S3) revealed an interesting distinction.
Most genes that showed an increase in RNA abundance
in met1 were pseudogenes clustered in pericentromeric
heterochromatic regions. In contrast, known genes dis-
tributed throughout euchromatin accounted for the largest
fraction (69%) of upregulated genes in drm1 drm2 cmt3
(Figures 6A and 6B and Figure S14).
While it is difficult to determine the fraction of gene ex-
pression changes in drm1 drm2 cmt3 that can be attrib-
uted to secondary effects, in many cases, the loss of
DNA methylation of specific genes correlated with their
overexpression, suggesting a direct role of non-CG meth-
ylation in regulating these genes. One such example is the
F box protein encoded by the gene At2g17690. As shown
in Figure 6C, the promoter region of At2g17690 contains
a tandem repeat (seven copies of a 32-mer) that is heavily
methylated and also associated with siRNAs, and the
gene is normally not expressed (see RT-PCR results in
Figure 6B). In met1, an incomplete reduction of promoter
methylation was accompanied by a mild increase in
At2g17690 gene expression. In contrast, promoter meth-
ylation was virtually eliminated in drm1 drm2 cmt3, result-
ing in a dramatic increase in steady-state RNA level for this
gene (Figure 6B).
These results provide evidence that non-CG methyla-
tion is important in regulating gene expression on a ge-
nome-wide scale and identify a host of candidate genes
that may be directly regulated by non-CG methylation. A
possible explanation for why non-CGmethylation is seem-
inglymore important thanCGmethylation in regulating po-
tentially functional genes may reside with themechanisms
by which these two types of methylation are inherited. In
Figure 4. Global Changes of Gene Expression in met1 Com-
pared to Wild-Type
(A) Chromosome-level RNA expression levels in wild-type and met1.
Chromosome 4 is shown as an example. y axis = median probe-level
hybridization intensity over 100 kb windows. A schematic representa-
tion of chromosome 4 is shown (bottom) and labeled as in Figure 1. Ar-
row indicates the increased expression level in the heterochromatic
knob on chromosome 4 in met1.
(B) Global changes of gene expression inmet1 compared to wild-type,
shown as cumulative distributions. x axis = gene-level expression fold
change in met1 compared to wild-type (log10 scale).
(C) Percentage of genes with increased expression in met1 (listed in
Table S2) within different gene categories.ier Inc.
Figure 5. Global Changes of Antisense RNA Expression in met1
(A) An example (At2g05915) where loss of DNA methylation and increased antisense RNA accumulation coincide in met1.
(B) Loss of methylation within genes does not systematically cause overexpression of antisense RNA in met1. Graph shows the distribution of ex-
pression fold change inmet1 versuswild-type for either the entire predicted transcribed region of body-methylated genes or themethylated segments
within these genes. Unmethylated genes and unmethylated segments within genes are shown as controls. x axis = fold change in antisense RNA
expression (log10 scale). y axis = percentage of regions or genes with a given fold change.
(C) Lack of correlation between changes in sense and antisense RNA expression for both unmethylated and body-methylated genes inmet1. x axis =
fold change in antisense RNA expression (log10 scale). y axis = fold change in sense RNA expression (log10 scale).particular, the replication-coupled-maintenance methyla-
tion activity of MET1 at CG sites might mainly function to
maintain the stable silencing of transposons and pseudo-
genes, whereas the siRNA-directed DRM activity and the
histone methylation-directed CMT3 activity (Chan et al.,
2005) are likely to be dynamic and may play more impor-
tant roles in regulating the expression of endogenous
genes. Consistent with this idea, profound differences ex-
ist in the siRNA populations accumulated in different tis-
sues (Lu et al., 2005), which could account for differential
targeting of genes by DNA methylation.
Intergenic Noncoding RNAs Controlled by DNA
Methylation
Methylated regions account for 8% of the total length
of nonrepetitive intergenic regions, and we found thatCell 1widespread changes in the accumulation of intergenic
noncoding RNA (ncRNA) occurred in the DNA methyla-
tion mutants (Table S4). The most dramatic changes
were observed in met1, where we detected 264 overex-
pressed ncRNAs compared to wild-type (Figure 7A). Of
these, 214 (80%) were hypomethylated in met1 relative
to wild-type (Figure 7B). Although many of these tran-
scripts (67%) were repetitive and could represent un-
annotated transposons, 34 were found to be single-
copy in the genome (30 hypomethylated in met1), and
an additional 54 had 2–10 copies (36 hypomethylated
in met1) (Figure 7C). Strikingly, 87 of the 88 single- or
low-copy ncRNAs did not exhibit significant homology
with sequences from other organisms in GenBank (the
NR, EST, or GSS databases). These results suggest
that a large number of fast-evolving ncRNAs exist in26, 1189–1201, September 22, 2006 ª2006 Elsevier Inc. 1197
1198 Cell 126, 1189–1201, September 22, 2006 ª2006 Elseviethe Arabidopsis genome whose expression is controlled
epigenetically by DNA methylation.
In addition to overexpressed ncRNAs, we also identified
60 intergenic regions that were expressed in wild-type
plants but not in met1 (Table S5). Consistent with this re-
sult, 59 of the 60 suppressed ncRNAs were also found in
the GenBank database of expressed sequence tags
(dbEST); none of these were annotated with known func-
tion. Nearly all suppressed ncRNAs (97%) are present as
single-copy sequences in the genome, and many (17%)
have homologous sequences in other plant genomes,
suggesting that they might have a conserved biological
function (or functions). Thus, it appears that in Arabidop-
sis, the normal expression of many potentially important
ncRNAs may be regulated by DNA methylation.
Conclusion
In summary, we have combined optimized biochemical
methods and high-density whole-genome tiling microar-
rays to enable the first high-resolution genome-wide char-
acterization of DNAmethylation for any organism. Consis-
tent with previous studies, we found a significant
enrichment of methylation in heterochromatin and siRNA
clusters as well as an important role for methylation in si-
lencing transposons and pseudogenes (Lippman et al.,
2004; Miura et al., 2001; Singer et al., 2001). In addition,
we discovered an unexpectedly large amount of genic
methylation and uncovered intriguing distinctions among
differentially methylated genes with regard to their func-
tional classification, expression level, and tissue specific-
ity. In parallel, genome-wide transcription profiling al-
lowed the identification of hundreds of genes and
ncRNAs whose expression is affected by changes in
DNA methylation, and these analyses have uncovered
an unexpectedly important role for non-CG methylation
in the regulation of functional genes.
The entire set of whole-genome DNA methylation
and gene expression data can be downloaded from the
Gene Expression Omnibus (http://www.ncbi.nlm.nih.
gov/projects/geo/, accession numbers GSE5094 and
GSE5074). The data can also be viewed along with addi-
tional information includingannotationsof repeatsandsmall
RNAsathttp://epigenomics.mcdb.ucla.edu/DNAmeth/ and
at http://signal.salk.edu/cgi-bin/methylome. These new
tools and genome-wide resources should serve as the raw
material for future studies to elucidate the global control of
DNA methylation patterning by mechanisms that include
Figure 6. Genes Overexpressed inmet1 and drm1 drm2 cmt3
DNA Methyltransferase Mutants
(A) Composition of overexpressed genes within different gene cate-
gories.
(B) Examples of RT-PCR validation of overexpressed genes identified
by tiling-array analysis in met1 and drm1 drm2 cmt3.
(C) The F box-containing gene At2g17690 as an example where loss of
promoter methylation in drm1 drm2 cmt3 is associated with ectopic
overexpression. Tracks are labeled as in Figure 1. Arrows at the top
represent the tandem repeats located in the promoter region. RT-
PCR validation result for this gene is shown in (B).r Inc.
small RNAs, histonemodifications, and chromatin remodel-
ing (Chan et al., 2004, 2005; Dalmay et al., 2000; Jackson
etal., 2002;Malagnacetal.,2002;Metteetal., 2000;Tamaru
Figure 7. Expression of Intergenic Noncoding RNAs (ncRNAs)
Regulated by DNAMethylation
(A) RT-PCR validation of overexpressed ncRNAs inmet1.
(B) Examples of hypomethylation correlated with ncRNA overexpres-
sion. Expression levels are shown for the forward (+) and reverse ()
strands. RT-PCR validation results are shown below. The structures of
the overexpressed ncRNAs deduced from cloned sequences are dia-
grammed as open rectangles. DNA methylation was determined by
the mCIP-chip method.
(C) Copy number of ncRNAs that are overexpressed or suppressed in
met1.Celland Selker, 2001) and for investigations into the biological
functions of genes and noncoding transcripts whose ex-
pression is controlled by DNA methylation. Finally, whole-
genometilingarraysarenowavailable formanyotherorgan-
isms, and the approaches developed should assist in future
studies of larger and more complex genomes, including
those that pertain to epigenetic regulation in human disease
(Mockler et al., 2005).
EXPERIMENTAL PROCEDURES
Plant Materials and DNA Extraction
All plants used in this study were of the Arabidopsis thaliana Columbia
(Col-0) accession. The met1 and drm1 drm2 cmt3 mutants were pre-
viously published (Chan et al., 2006; Saze et al., 2003). The mutant al-
leles were met1-3 and drm1-2, drm2-2, cmt3-11. To avoid variability
caused by inbreeding, all homozygous mutant plant material used
for DNA methylation and RNA expression experiments was prepared
using F1 plants from segregating populations. Plants were grown un-
der continuous light. DNA was extracted from 5-week-old plants using
the Plant DNeasy Maxi Kit (QIAGEN) and sonicated to 350 bp. The
entire aerial parts of two or three plants were pooled for each biological
replicate.
Methylcytosine Immunoprecipitation
The methylcytosine immunoprecipitation (mCIP) method was adapted
from a previous study (Keshet et al., 2006). Immunoprecipitation was
performed by incubating 2 mg of sonicated genomic DNA with 20 mg
mouse anti-methylcytosine monoclonal antibody (Calbiochem) in
600 ml of buffer FB (10 mM Tris-HCl [pH 7.5], 50 mM NaCl, 1 mM
EDTA) at 4C for 12 hr. One hundred microliters each of Dynabeads
Protein G and Protein A (Dynal) were added to the mix and incubated
at 4C for 6 hr. Dynabeads were washed six times by gentle mixing at
4C for 10 min with 600 ml of buffer FB. Elution was performed three
times by vortexing in 200 ml TE containing 1.5%, 0.5%, and 0.1%
SDS, respectively. DNA was recovered from the unbound fraction,
each of the six washes, and the elution fraction by phenol-chloroform
extraction and ethanol precipitation. A fraction of the recovered DNA
was used for real-time PCR to determine the amount of the methylated
FWA promoter, AtSN1, and Ta3 as well as the unmethylated ACTIN
promoter in each fraction (Figure 1A). The remaining DNA from the un-
bound and elution fractions was amplified (see below) and used for mi-
croarray hybridization. Three biological replicates were performed for
each genotype and yielded consistent results (see Supplemental
Data).
Affinity Purification of Methylated DNA Using the
Methylcytosine Binding Domain of the Human MeCP2 Protein
The expression and purification of the methylcytosine binding domain
(MBD) were performed as previously described (Cross et al., 1994;
Selker et al., 2003). Briefly, 10 mg of purified His-tagged MBD was af-
fixed to a Ni-agarose gel column, and 10 mg of sonicated genomic DNA
was subjected to binding by MBD in 10 ml loading buffer (20 mM
HEPES [pH 7.9], 100 mM NaCl, 10% glycerol, 0.1% Triton X-100,
0.5 mM PMSF) at a flow rate of 1 ml/min. After an initial wash with
10ml loading buffer containing 0.4MNaCl, 26ml of loading buffer con-
taining a linear gradient of NaCl from 0.4 M to 1.0 M was used to elute
DNA with flow-through collected in 2 ml fractions, followed by a final
wash with 10ml loading buffer containing 1.0MNaCl. DNA was recov-
ered from each elution. A fraction of the DNA was used to determine
the amount of the methylated FWA promoter and the unmethylated
ACTIN promoter by real-time PCR, which showed that the 0.5 M
NaCl fraction had the highest ACTIN/FWA ratio and that the 0.8 M
NaCl fraction had the highest FWA/ACTIN ratio (Figure 1B). The re-
maining DNA from these two fractions was amplified and used for126, 1189–1201, September 22, 2006 ª2006 Elsevier Inc. 1199
microarray hybridization. Three biological replicates were performed
for each genotype.
Microarray Design, Experimental Procedures,
and Data Analyses
Detailed descriptions are included in the Supplemental Data.
Reverse Transcription-Polymerase Chain Reaction and Cloning
One microgram of total RNA was denatured at 65C for 10 min, fol-
lowed by first-strand cDNA synthesis in a 50 ml reaction mix using
the Transcript First-Strand cDNA Synthesis Kit (Roche), and incubated
at 85C for 5 min. One microliter of the mix was used with gene-spe-
cific primers for reverse transcription-polymerase chain reaction
(RT-PCR). The cycling parameters for ncRNAs were 95C for 10 min,
21 cycles of 1 min at 95C, 1 min at 58C, 1 min at 72C, and a final
elongation step at 72C for 10 min. The cycling parameters for overex-
pressed genes were 95C for 30 s, 30 cycles of 10 s at 95C, 30 s at
60C, 30 s at 72C, and a final elongation step at 72C for 1 min.
PCR primers are listed in Tables S6 and S7, respectively. For ncRNAs,
PCR products were purified with the QIAquick PCR Purification Kit
(QIAGEN) and cloned using the TOPO TA Cloning Kit (Invitrogen).
Bisulfite Sequencing
Genomic bisulfite sequencing was performed as previously described
(Cao and Jacobsen, 2002). The regions sequenced and the primers
used are listed in Table S8.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, 14 figures, and 9 tables and can be found
with this article online at http://www.cell.com/cgi/content/full/126/6/
1189/DC1/.
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